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Highlights 
 People with MS have deficits in postural control compared to healthy controls 
 These deficits are considerable regardless of task complexity or sensory condition 
 A lack of standardisation of reporting exists for assessment of postural control   
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Abstract 
Background: Multiple sclerosis (MS) is a neurological condition that can affect the postural 
stability of the individual and predispose falls in this population.  
Methods: A systematic literature search identified case-control studies investigating 
differences in postural control across a diversity of task conditions, with the exception of gait, 
between people with MS and healthy controls. Meta-analysis was conducted where a variable 
was presented by four or more studies.   
Results: Forty-three studies of people with a mean Expanded Disability Status Scale (EDSS) 
of 1.0 to 6.0 were included. Seven conditions of assessment and 105 individual measurement 
variables relating to postural control were included.  Quiet stance was the only condition (11 
studies) possessing sufficient data to contribute to meta-analysis in terms of centre of 
pressure path length (SMD=1.04, 95% CI {0.86-1.22}, p<0.001), medio-lateral velocity 
(SMD=1.35, 95% CI {0.77-1.92}, p<0.001) and 95% confidence ellipse (SMD=0.83 95% CI 
{0.59-1.08}, p<0.001). Results indicate that regardless of task complexity or sensory 
condition, people with MS display considerable deficits in postural control in comparison to 
healthy controls.  
Conclusions: The large number of variables and lack of standardisation of reporting makes 
data synthesis challenging, however, people with MS display considerable deficits in postural 
control compared to healthy controls regardless of task condition or complexity.  
Keywords; Multiple Sclerosis, Accidental Falls, Postural Balance  
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Introduction  
Multiple Sclerosis (MS) is a chronic, inflammatory-mediated disease resulting in 
demyelination of the central nervous system which is often progressive in nature [1]. 
Currently it is estimated that the global prevalence of MS is 33 per 100,000 with a total of 2.3 
million people with MS (pwMS) worldwide and a notably high incidence in young adults [2]. 
The heterogeneous pathological and clinical presentation of MS predisposes deterioration of 
motor, sensory and/or cognitive function [3]. Such impairments lead to symptoms such as 
gait deficits [4], postural instability [5] and predispose falls in this population.  
Falls are increasingly being recognised as a significant consequence of MS with 56% of 
individuals experiencing a fall in any three-month period[6]. Much like the clinical 
presentation of the disease itself, risk factors for falls in pwMS are diverse [7]. The potential 
physical [8], psychological [9] and social [10] impact associated  with falls in pwMS have led 
to falls prevention becoming a rapidly developing research area in rehabilitation for pwMS 
[11]. 
Postural control is an encompassing term referring to the ability of the body to pre-empt or 
react to conditions threatening stability and maintain or adjust body position to prevent a fall 
[12]. Rather than an automatic response, the ability to maintain or change posture is a 
complex process embodying a diversity of sensorimotor processes [13]. Notably, the disease 
pathology associated with diseases such as MS predispose postural instability and falls [5]. 
The identification and quantification of postural control deficiencies in pwMS is pertinent to 
the development of theory based interventions for falls. A recent meta-analysis quantified the 
deficits in postural control during gait in pwMS in comparison to healthy counterparts [4], to 
date no such comparison has been conducted for stationary or reactive postural control 
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conditions. These forms of postural control are crucial for the maintenance of stability and 
the prevention of falls across functional and compensatory tasks.  
As such, this systematic review and meta-analysis aimed to identify and quantify deficits in 
postural control across task conditions for pwMS in comparison to healthy controls to inform 
the development of falls prevention interventions for this population.  
 
Methods 
Study Design 
This study is a systematic review and meta-analysis of case-control studies. The 
recommendations of the Meta-analysis of Observational Studies in Epidemiology (MOOSE) 
group statement [14] were followed throughout this study to strengthen and standardise the 
conduct and reporting.  
Search Strategy 
A literature search was conducted during May 2016 by the primary author (LC) through the 
following databases; Ebsco (Academic Search Complete, AMED, CINAHL, Medline, 
PsychArticles, PsychInfo, SportDiscus, Biomedical Reference Collection), Scopus and Web 
of Science. Suitable keywords and MeSH headings were generated through discussions 
amongst the study authors and the following were utilised for the search; “multiple sclerosis 
OR multiple sclerosis sufferers OR multiple sclerosis patients OR adults with multiple 
sclerosis” AND “balance OR dynamic balance OR postural control OR postural stability OR 
postural balance OR postural equilibrium OR postural sway OR postural instability OR 
posturogra* OR somatosensory impairment OR Sensory changes OR dynamic stability OR 
dynamic control OR postural impairment OR perturbation OR functional activities OR cent* 
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of mass OR cent* of pressure”. The literature search was supplemented by examining 
reference lists of returned articles and through Google Scholar searches.  
Study Identification 
Only case-control studies in which an outcome of postural control was investigated in both 
pwMS and healthy controls were included. To meet the inclusion criteria for this review 
studies must have identified an examination of postural control between pwMS and healthy 
controls within their study aims, objectives or hypotheses. Outcomes of interest included 
examination of postural control during quiet stance, feedback or feedforward activities. No 
restrictions were placed on year or language of publications. Studies examining postural 
control during gait, the effects of an intervention or examining a case population other than 
pwMS were excluded.  
The title and abstracts of the retrieved articles were screened for relevance based on the pre-
identified criteria for inclusion. Three authors (LC, SC and JS) independently assessed all 
retrieved full-text articles for inclusion. Where disagreement over eligibility for inclusion of 
articles occurred, the authors deliberated until a consensus was reached. Study authors were 
contacted to provide additional information on study status where abstracts were returned 
without the availability of a full text or in cases where all relevant data was not reported in 
the article. Where multiple studies contained the same outcomes of interest from the same 
patient cohorts, only one study was included in this systematic review. 
Data Extraction 
Information relating to population demographics, assessment apparatus, procedures, outcome 
variables and units of measurement were extracted and study summary tables generated.. 
Means and standard deviations for each relevant variable relating to postural control were 
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extracted. Data relating to variables of interest were extracted based on condition of 
assessment.  
Quality Assessment 
Quality of included studies was assessed using the Newcastle Ottawa Scale for case-control 
studies [15]. This scale possesses three sections, namely; Selection of populations, 
Comparability of populations and Ascertainment of exposure. Stars are given for each criteria 
fulfilled with a maximum of four stars for section one, two stars for section two and three 
stars for section three with a total of nine stars possible across all criteria. Given the checklist 
nature of the Newcastle Ottawa Scale, the provision of mean scores is not appropriate. Five 
researchers independently assessed the quality of included studies (LC, SC, RG, GQ, BC). 
Where disagreement occurred, the three authors deliberated until a consensus was reached.  
Statistical Analysis 
Where the same variable under the same condition of assessment was presented in four or 
more studies, statistical analysis to examine differences between pwMS and healthy controls 
was conducted using the Cochrane Review Manager software (Version 5.3). Standardised 
mean differences and 95% confidence intervals were employed to examine differences in 
continuous variables. The SMD expresses the size of the exposure effect in each study 
relative to the variability observed in that study. The SMD equates to the Hedges’ g effect 
size. In general, ≤ 0.20 is a small effect size, 0.50 is a moderate effect size and ≥ 0.80 is a 
large effect size [16]. I2 statistics were examined and where this statistic was found to 
indicate moderate or substantial heterogeneity (>30%) the authors employed a random-effects 
modelling approach for meta-analysis in favour of the less conservative fixed-effects 
modelling approach.  
AC
CE
PT
ED
 M
AN
US
CR
IPT
Where standard errors were included by studies, these were converted to standard deviations 
by multiplying the standard error by the square root of the total sample size per population 
[17]. Where multiple subgroups of each population were reported (e.g. ataxic or spastic), the 
means and standard deviations of each subgroup were combined to provide a singular mean 
and standard deviation through the formulae presented in online Appendix 1 [17].  
 
Results 
Study Identification 
Figure 1. provides detailed information relating to study identification and selection for 
inclusion. A total of 31,624 articles were generated through the initial search of relevant 
databases. Following the removal of duplicates, the titles and abstracts of 23,883 articles were 
screened for eligibility. The full texts of 153 articles were examined for eligibility by the 
authors. One hundred and nine studies did not meet the predefined criteria for inclusion. 
Sandroff et al.[18, 19] reported the same outcome of interest across the same study 
populations therefore only findings from the former study were included to avoid duplication. 
As such, 43 studies [18, 20-62] satisfied the eligibility criteria and were included in the 
systematic review.  
Study Characteristics   
A detailed summary of included studies is provided in online Appendix 2. The number of 
pwMS included by studies ranged from eight to 124, with a total of 1271 participants across 
all studies. The number of healthy controls included by studies ranged from 10 to 45, with a 
total of 858 participants across all studies. The mean age reported by included studies ranged 
from 27 to 63 years for pwMS and 26 to 63 years for healthy controls. The ratio of males to 
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females for the 40 studies reporting data on gender was 1:2.65 for pwMS and 1:2.62 for 
healthy controls. The mean Expanded Disability Status Scale (EDSS) for participants with 
MS was reported by 38 studies and ranged from one to six. The mean disease duration of MS 
ranged from eight to 24 years across the 32 studies who reported this characteristic. 
Seven assessment conditions were identified by the authors across the 43 included studies; 
Quiet stance with eyes open, quiet stance with eyes closed, compliant surface with eyes open, 
compliant surface with eyes closed, leaning towards limits of stability, perturbed stance and 
clinical measures. These assessment conditions will be used to guide the reporting of results.  
Figure 2. provides details relating to number of studies and variables explored for each 
assessment condition. Collectively, the 43 included studies examined 105 individual 
measurement variables relating to postural control.  
Thirteen authors were contacted to provide data of whom eight replied and five provided 
data.
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Quality Assessment  
A detailed overview of the methodological quality of the included studies is provided in 
Table 1. The overall methodological quality of the included studies was varied with total 
scores ranging from three to nine stars out of a possible nine stars. Only one study [18] 
satisfied the criteria of non-response rate reporting under the exposure category, while only 
five studies [18, 24, 43, 48, 49] provided adequate information relating to case population 
selection, highlighting a particular concern regarding the possibility of selection bias.  
Meta-analysis  
Only the condition of quiet stance possessed sufficient data to enable meta-analysis. Data 
from eleven studies [18, 20, 24, 25, 37, 39, 45, 48, 49, 54, 59] were meta-analysed for three 
variables of interest. 
COP Path Length  
Seven studies[20, 24, 25, 39, 48, 49, 59] examined COP path length between pwMS and 
healthy control populations in a quiet stance condition. As presented in Figure 3. pwMS 
(n=393) exhibit significantly longer COP path length than healthy controls (n=209) (FEM, 
SMD= 1.04, 95% CI {0.86, 1.22}, P<0.001, I2=25%). 
COP Velocity  
Four studies[25, 37, 39, 48] examined the velocity of COP in the medio-lateral plane between 
pwMS (n=165) and healthy controls (n=86). As shown in Figure 4. pwMS exhibited a 
significantly higher COP velocity than healthy controls in a quiet stance condition (REM, 
SMD= 1.35, 95% CI {0.77, 1.92}, P<0.001, I2=60%). There was insufficient data to enable 
quantitative synthesis of this variable in the anteroposterior plane.  
AC
CE
PT
ED
 M
AN
US
CR
IPT
95% Confidence Ellipse 
Four studies[18, 45, 48, 54] investigated sway area as indicated by 95% confidence ellipses 
under a quiet stance condition. As shown in Figure 5. pwMS (n=170) displayed significantly 
larger 95% confidence ellipses than healthy controls (n=120) (FEM, SMD= 0.83, 95% CI 
{0.59, 1.08}, P<0.001, I2=0%). 
Narrative Synthesis 
Quiet stance 
Excluding variables which have been quantitatively synthesised, 22 studies [20, 22, 25, 26, 
28, 29, 34, 36, 37, 39, 43, 45, 46, 48, 50-52, 54, 56-58, 62] investigated postural control in a 
quiet stance condition and collectively examined 43 variables relevant to this review. Across 
these studies 16 utilised a force platform, three utilised motion capture systems, two used a 
neurocom balance master and one employed a combination of force plate and motion capture 
systems.  
In terms of COP displacement, the eight studies investigating measurements relating to this 
variable showed the absolute values of pwMS to have higher raw displacement, larger 
variability and higher root mean square values in comparison to healthy controls, albeit not 
all reached statistical significance [20, 26, 28, 29, 34, 37, 48, 51].  
A similar trend was seen in terms of COP velocity in which higher raw values, greater 
standard deviations and higher root mean square measurements were reported by eight 
studies in terms of absolute values for pwMS, again however some results did not reach 
statistical significance [25, 29, 34, 37, 45, 48, 52, 54].  
Nonlinear measurements of postural sway including approximate entropy, sample entropy, 
lyapunov exponent, complexity index and power bands were similarly variable in terms of 
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statistical significance however absolute values consistently indicated greater instability in 
pwMS compared to healthy controls[20, 22, 34, 37, 39, 46, 52].  
Measures including time to contact boundaries [25, 57], loading asymmetry [28, 57], trunk 
sway [58], centre of gravity measures [36, 50, 62] and sway path [43] were shown to be 
significantly altered in pwMS in comparison to healthy controls.   
Quiet stance with eyes closed 
Sixteen studies [22, 25, 29, 34, 36, 37, 39, 43, 45, 46, 48, 56-59, 62] examined postural 
control during quiet stance with participants’ eyes closed, a total of 31 variables were 
reported for this condition across studies. Ten employed a force platform for assessment 
while three utilised motion capture systems, two utilised neurocom balance master measures 
and one used a combination of force plate and motion capture systems  
Measurements of COP displacement included raw values in the anteroposterior and 
mediolateral planes, root mean square and path length. The majority of studies found 
significantly larger values for pwMS across all measurements of COP displacement in 
comparison to healthy controls[29, 34, 37, 48, 59].  
In terms of COP velocity, data was presented as raw values, root mean square and standard 
deviation and significant differences were found across all measures indicating higher 
velocity in pwMS in comparison to healthy controls [29, 37, 39, 45, 48]. 
Furthermore statistically significant results including lower time to contact boundaries [25, 
57], larger COP area [45, 48, 59], larger loading asymmetry [57], greater trunk sway [58], 
larger centre of gravity movement [36, 62], greater sway acceleration, greater sway jerk [56] 
and larger sway path [43] were shown in pwMS  
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Four studies employed nonlinear measures of postural sway during this condition and despite 
varying in magnitude, pwMS consistently showed results indicative of instability in 
comparison to healthy controls. These measurements were reoccurrence quantification 
analysis, complexity index, approximate entropy, lyapunov exponent and frequency bands of 
power[22, 34, 39, 46].  
Compliant surface with eyes open 
Four studies [25, 36, 53, 58] investigated participants’ control when standing on a compliant 
surface with eyes open and reported a total of 52 variables. Two studies utilised motion 
capture systems, one used a force platform and one used a neurocom balance master.  
Measures of postural sway during stance on a compliant surface through the use of body 
worn sensors were shown to be significantly higher in pwMS in comparison to healthy 
controls were shown in terms trunk measurements [58] and across 15 of 46 variables 
investigated by Solomon et al. [53]. Time to contact boundaries was shown to be 
significantly shorter in pwMS than healthy controls by Cattaneo et al. [25]. Centre of gravity 
velocity was found to be significantly higher in pwMS by Kanekar and Aruin [36]. 
 Compliant surface with eyes closed 
Seven studies [25, 30, 36, 45, 46, 53, 58] examined postural control while standing on a 
compliant surface with participants’ eyes closed with a total of 60 variables being reported 
across studies. Three studies employed force platforms to assess this condition, two utilised 
motion capture systems and two used a neurocom balance master.  
Measurements of postural sway through the use of body worn sensors was found to be 
significant higher in pwMS than healthy controls in terms of trunk variables[58] and across 
22 of 46 variables assessed by Solomon et al. [53]. COP measurements investigated by two 
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studies utilising force platforms were found to significantly different between groups in terms 
of a shorter time to contact, higher velocity and larger area cover in pwMS [25, 45]. Centre of 
gravity velocity was found to be significantly higher in pwMS by two studies [30, 36]. One 
study employed nonlinear measurements of COP with no significant differences reported 
between pwMS and healthy controls [46].  
Leaning towards limits of stability 
Eight studies [22, 29, 33, 35, 36, 38, 41, 57] investigated the condition of leaning towards 
limits of stability with 16 variables reported. Five studies utilised force platforms to 
investigate this condition while three utilised the neurocom balance master. 
The limits of stability (LOS) test through the use of the neurocom balance master was 
employed by three studies in this review. Significant differences between pwMS and healthy 
controls across all measurements with pwMS exhibiting significantly longer reaction times, 
higher movement velocities and lower endpoint excursion, maximum excursion and 
directional control values [33, 36, 41].  
Measurements relating to COP displacement and velocity were shown to be significantly 
altered in pwMS compared to healthy controls by the majority of studies investigating 
variables relating to these measurements [29, 35, 38, 57]. In terms of nonlinear measures, 
only Busa et al. [22] adopted such a measurement approach and noted pwMS to have a 
significantly lower COP complexity index than healthy controls. These findings were similar 
irrespective of direction of lean employed.  
Perturbed Stance  
In terms of perturbed stance, ten studies investigating 22 variables were included by this 
review. Of these, seven studies utilised an external form of perturbation including load 
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releasing [40, 60], surface oscillation or translation [23, 31, 35, 47] and pendulum impact 
[21]. The remaining three studies investigated perturbed stance through participant generated 
means of arm movement [27], bending from the mid-section [26] or rapid shoulder 
movements [41]. One study solely investigated electromyography (EMG) activity while five 
studies utilised force platform data and four utilised motion capture measurements.  
Significant differences were reported in terms of COP and COM displacement measures with 
pwMS exhibiting larger displacements following perturbation across the majority of included 
studies [35, 41, 47, 60] while similarities were shown in terms of capacity for postural 
adaptation [31]. Furthermore Cattaneo et al. [26] found pwMS to have significantly greater 
sway during perturbation and to take a significantly longer time than healthy controls to 
restore normative sway following. Altered EMG activity was reported across all studies 
investigating these variables representing deficits in anticipatory and compensatory postural 
responses to perturbations in pwMS [21, 23, 27, 40, 41, 60].  
Clinical Measures 
Nine studies [25, 32, 33, 36, 38, 42, 44, 55, 62]included in this review utilised a clinical 
measure of postural control. These measures included the Berg balance test [25, 33, 36, 38, 
62], functional reach [32, 42, 55], adaptation test [62], pastor test [32, 55], physiological 
profile assessment [44] and duration of time able to hold steady stance [32, 55], tandem 
stance [32, 55], and stride stance [32, 55]. The majority of studies presented significantly 
poorer results in pwMS in comparison to healthy controls across these clinical measures of 
postural control.  
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Discussion  
This systematic review and meta-analysis aimed to identify and quantify the effects of MS on 
postural control. The methodological quality of the 43 included studies was varied. The key 
findings of this research highlight that, irrespective of sensory state or task complexity, 
pwMS display large deficits in postural control compared to their healthy counterparts. 
Despite relative homogeneity between studies in terms of apparatus, conditions and 
protocols, the diversity of measurement variables reported by included studies limited 
quantitative synthesis and restricted definitive conclusions being drawn.  
A total of 105 variables relating to postural control were examined across the included 
studies, the majority using posturography. Advancements in posturography have been 
valuable in enabling reliable and objective assessments of postural control [63]; however, 
these advancements have added a significant difficulty with a seemingly  infinite number of 
measurement variables at the disposal of the researcher with little agreement surrounding the 
key outcomes for extraction [64]. This review highlights the necessity of the development of 
a core measurement set for postural control. Such development would greatly facilitate the 
identification of elements of postural control that are reliable for the identification of fallers 
and potential focuses for rehabilitation.  
Our findings highlight that during static, challenged and reactive conditions of postural 
control, pwMS display considerable deficits in comparison to healthy controls. The presence 
of such deficits in the ability to maintain posture within a controlled lab-based assessment 
will be further heightened when placed in a real world environment when the necessity of 
navigating novel environments and increased cognitive load is presented [65].  This suggests 
that a wide range of balance conditions, possessing real-world challenges, should be 
incorporated into interventions to improve balance for pwMS.  
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 The identification of whether such deficits in postural control are protective or predictive of 
falls in pwMS is an important consideration in terms of assessment and intervention for falls 
in this population. A recent systematic review and meta-analysis examining the diagnostic 
accuracy of clinical balance  measures suggests differences between fallers and non-fallers 
but poor predictive validity of measures overall [66].  Interestingly, Prosperini et al. [48] 
highlight COP path length during quiet stance to have acceptable diagnostic accuracy in 
terms of future falls for pwMS, with longer COP path length associated with falls. These data 
suggest that instrumented tests of postural control show promise and may be associated with 
and predictive of falling in people with MS. A number of prospective cohort studies confirm 
this and suggest that postural sway, particularly with a visual challenge or when leaning 
towards limits of stability, to be predictive of future falls in pwMS [67-69].  
The findings have a number of clinical and research implications. Firstly, the deficits in 
postural control in pwMS compared to their healthy counterparts are considerable despite the 
relatively low EDSS and young age of participants within the included studies. This finding 
highlights the importance of early assessment and intervention for balance dysfunction in 
MS. Secondly, the deficits in postural control across all task conditions investigated by this 
review adds further weight to the position that falls within this population are likely 
multifaceted in nature with pwMS experiencing difficulty with the majority of postural 
demands. As such, both balance assessment and intervention for falls prevention in pwMS 
should be treated with an individualised approach with interventions targeting deficits 
identified from a comprehensive assessment to a suitably challenging degree [70]. In terms of 
research implications, the heterogeneity of measurements relating to postural control for 
pwMS highlights a considerable lack of standardisation. Such lack of consistency requires 
addressment particularly for the strength of future replication studies. 
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The results should be interpreted with consideration of this review’s strengths and limitations. 
This is the first systematic review to explore deficits in postural control in pwMS compared 
to healthy controls. The MOOSE guidelines [14] were followed throughout the conduct and 
reporting of this study. Furthermore, the identification of relevant studies and the 
methodological quality of the included studies was conducted based on pre-established 
criteria and checklists with the authors blinded from each other’s responses until deliberation 
was performed. However, the heterogeneity of measurements within the included studies 
limit definitive conclusions through the use of a quantitative synthesis and further the 
relatively low EDSS levels investigated by the included studies may further limit the 
generalisability of the findings of this review overall.  
In terms of future research, there is a need to identify a core set of variables relating to 
postural control. An agreement of such a core set would strengthen and enhance the synthesis 
of future research relating to postural control in MS. The exploration of postural control 
deficits in pwMS with higher EDSS and more advanced disease is needed, particularly given 
the associations between such factors and a higher risk of falls [7]. Finally, there is a need to 
further explore the relationship between postural control deficits and the likelihood of falls in 
pwMS. The identification of deficits and the detection of whether these deficits are protective 
or predictive of falls is imperative to the development of future falls prevention interventions 
for this population. Furthermore, such investigations should be conducted using prospective 
falls monitoring methods [71].  
Conclusion 
PwMS display considerable deficits in postural control compared to healthy controls 
regardless of task condition or complexity. A significant lack of standardisation exists 
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regarding the reporting of variables measuring postural control for pwMS and there is a 
timely need for agreement in terms of core measurements for extraction and reporting.  
Conflict of Interest  
The authors declare no conflict of interest. 
Acknowledgements 
The authors wish to thank Bláthín Casey, Gillian Quinn and the members of the MS Research 
Team at the University of Limerick for their assistance and feedback in the preparation of this 
manuscript.  
Funding 
LC is a PhD candidate funded by the Multiple Sclerosis Society of Ireland through the 
Ireland Fund. 
References  
[1] Trapp BD, Nave K-A. Multiple sclerosis: an immune or neurodegenerative disorder? Annu Rev 
Neurosci. 2008;31:247-69. 
[2] Koch-Henriksen N, Sørensen PS. The changing demographic pattern of multiple sclerosis 
epidemiology. The Lancet Neurology. 2010;9:520-32. 
[3] Compston A, Coles A. Multiple sclerosis. Lancet. 2002;359:1221. 
[4] Comber L, Galvin R, Coote S. Gait deficits in people with multiple sclerosis: A systematic review 
and meta-analysis. Gait & Posture. 2017;51:25-35. 
[5] Gianni C, Prosperini L, Jonsdottir J, Cattaneo D. A systematic review of factors associated with 
accidental falls in people with multiple sclerosis: a meta-analytic approach. Clinical Rehabilitation. 
2014;28:704-16. 
[6] Nilsagard Y, Gunn H, Freeman J, Hoang P, Lord S, Mazumder R, et al. Falls in people with MS-an 
individual data meta-analysis from studies from Australia, Sweden, United Kingdom and the United 
States. Multiple Sclerosis Journal. 2015;21:92-100. 
[7] Gunn HJ, Newell P, Haas B, Marsden JF, Freeman JA. Identification of risk factors for falls in 
multiple sclerosis: A systematic review and meta-analysis. PHYSICAL THERAPY. 2013;93:504. 
[8] Peterson EW, Cho CC, von Koch L, Finlayson ML. Injurious falls among middle aged and older 
adults with multiple sclerosis. Archives of physical medicine and rehabilitation. 2008;89:1031-7. 
[9] Comber L, Coote S, Finlayson M, Galvin R, Quinn G, Peterson E. An exploration of fall-related, 
psychosocial variables in people with multiple sclerosis who have fallen. British Journal of 
Occupational Therapy. 2017;80:587-95. 
AC
CE
TE
D M
AN
US
CR
IPT
[10] Matsuda PN, Shumway-Cook A, Ciol MA, Bombardier CH, Kartin DA. Understanding Falls in 
Multiple Sclerosis: Association of Mobility Status, Concerns About Falling, and Accumulated 
Impairments. Physical Therapy. 2012;92:407-15. 
[11] Sosnoff JJ, Sung J. Reducing falls and improving mobility in multiple sclerosis. Expert Review Of 
Neurotherapeutics. 2015:1-12. 
[12] Pollock AS, Durward BR, Rowe PJ, Paul JP. What is balance? Clinical rehabilitation. 2000;14:402-
6. 
[13] Horak FB. Postural orientation and equilibrium: what do we need to know about neural control 
of balance to prevent falls? Age and Ageing. 2006;35:7-11. 
[14] Stroup DF, Berlin JA, Morton SC, Olkin I, Williamson GD, Rennie D, et al. Meta-analysis of 
observational studies in epidemiology: a proposal for reporting. Jama. 2000;283:2008-12. 
[15] Wells G, Shea B, O’connell D, Peterson J, Welch V, Losos M, et al. The Newcastle-Ottawa Scale 
(NOS) for assessing the quality of nonrandomised studies in meta-analyses. 2000. 
[16] Cohen J. Statistical power analysis. Current directions in psychological science. 1992:98-101. 
[17] Higgins J. Green S. Cochrane handbook for systematic reviews of interventions version 5.1. 0. 
The Cochrane Collaboration. 2011;5. 
[18] Sandroff BM, Motl RW. Fitness and cognitive processing speed in persons with multiple 
sclerosis: A cross-sectional investigation. Journal of Clinical & Experimental Neuropsychology. 
2012;34:1041-52. 
[19] Sandroff BM, Sosnoff JJ, Motl RW. Physical fitness, walking performance, and gait in multiple 
sclerosis. Journal of the Neurological Sciences. 2013;328:70-6. 
[20] Anbarian M, Marvi-Esfahani M, Karimi MT, Etemadifar M, Marandi SM, Kamali M. A comparison 
of linear and nonlinear stability parameters in different clinical forms of multiple sclerosis. European 
Review of Aging and Physical Activity. 2015;12. 
[21] Aruin AS, Kanekar N, Lee Y-J. Anticipatory and compensatory postural adjustments in individuals 
with multiple sclerosis in response to external perturbations. Neuroscience Letters. 2015;591:182-6. 
[22] Busa MA, Jones SL, Hamill J, van Emmerik RE. Multiscale entropy identifies differences in 
complexity in postural control in women with multiple sclerosis. Gait Posture. 2016;45:7-11. 
[23] Cameron MH, Horak FB, Herndon RR, Bourdette D. Imbalance in multiple sclerosis: A result of 
slowed spinal somatosensory conduction. Somatosensory & Motor Research. 2008;25:113-22. 
[24] Castelli L, Stocchi L, Patrignani M, Sellitto G, Giuliani M, Prosperini L. We-Measure: Toward a 
low-cost portable posturography for patients with multiple sclerosis using the commercial Wii 
balance board. Journal of the Neurological Sciences. 2015;359:440-4. 
[25] Cattaneo D, Ferrarin M, Jonsdottir J, Montesano A, Bove M. The virtual time to contact in the 
evaluation of balance disorders and prediction of falls in people with multiple sclerosis. Disability & 
Rehabilitation. 2012;34:470-7. 
[26] Cattaneo D, Rabuffetti M, Bovi G, Mevio E, Jonsdottir J, Ferrarin M. Assessment of postural 
stabilization in three task oriented movements in people with multiple sclerosis. Disability & 
Rehabilitation. 2014;36:2237-43. 
[27] Chua MC, Hyngstrom AS, Ng AV, Schmit BD. Movement strategies for maintaining standing 
balance during arm tracking in people with multiple sclerosis. Journal of Neurophysiology. 
2014;112:1656-66. 
[28] Chung LH, Remelius JG, Van Emmerik RE, Kent-Braun JA. Leg power asymmetry and postural 
control in women with multiple sclerosis. Medicine & Science in Sports & Exercise. 2008;40:1717-24 
8p. 
[29] Denommé L, Mandalfino P, Cinelli M. Understanding balance differences in individuals with 
multiple sclerosis with mild disability: an investigation of differences in sensory feedback on postural 
control during a Romberg task. Experimental Brain Research. 2014;232:1833-42. 
[30] Fjeldstad C, Pardo G, Bemben D, Bemben M. Decreased postural balance in multiple sclerosis 
patients with low disability. International Journal of Rehabilitation Research. 2011;34:53-8. 
AC
CE
PT
ED
 M
AN
US
CR
IPT
[31] Fling BW, Gera Dutta G, Horak FB. Functional connectivity underlying postural motor adaptation 
in people with multiple sclerosis. Neuroimage Clinical. 2015;8:281-9. 
[32] Frzovic D, Morris ME, Vowels L. Clinical tests of standing balance: performance of persons with 
multiple sclerosis. Archives Of Physical Medicine And Rehabilitation. 2000;81:215-21. 
[33] Ganesan M, Kanekar N, Aruin AS. Direction-specific impairments of limits of stability in 
individuals with multiple sclerosis. Annals Of Physical And Rehabilitation Medicine. 2015. 
[34] Huisinga JM, Yentes JM, Filipi ML, Stergiou N. Postural control strategy during standing is altered 
in patients with multiple sclerosis. Neuroscience Letters. 2012;524:124-8. 
[35] Jacobs J, Kasser S. Effects of dual tasking on the postural performance of people with and 
without multiple sclerosis: a pilot study. Journal of Neurology. 2012;259:1166-76. 
[36] Kanekar N, Aruin AS. The Role of Clinical and Instrumented Outcome Measures in Balance 
Control of Individuals with Multiple Sclerosis. Multiple Sclerosis International. 2013:1-10. 
[37] Kanekar N, Lee YJ, Aruin AS. Frequency analysis approach to study balance control in individuals 
with multiple sclerosis. Journal of Neuroscience Methods. 2014;222:91-6. 
[38] Karst GM, Venema DM, Roehrs TG, Tyler AE. Center of pressure measures during standing tasks 
in minimally impaired persons with multiple sclerosis. Journal Of Neurologic Physical Therapy: JNPT. 
2005;29:170-80. 
[39] Kersten S, Kirchner M. The Altered Postural Control in Multiple Sclerosis Patients. Aktuelle 
Neurologie. 2013;40:137-40. 
[40] Krishnan V, Kanekar N, Aruin AS. Feedforward postural control in individuals with multiple 
sclerosis during load release. Gait & Posture. 2012;36:225-30. 
[41] Krishnan V, Kanekar N, Aruin AS. Anticipatory postural adjustments in individuals with multiple 
sclerosis. Neuroscience Letters. 2012;506:256-60. 
[42] Martin CL, Phillips BA, Kilpatrick TJ, Butzkueven H, Tubridy N, McDonald E, et al. Gait and 
balance impairment in early multiple sclerosis in the absence of clinical disability. Multiple Sclerosis 
(13524585). 2006;12:620-8. 
[43] McLoughlin J, Barr C, Crotty M, Lord SR, Sturnieks DL. Association of Postural Sway with 
Disability Status and Cerebellar Dysfunction in People with Multiple Sclerosis. International Journal 
of MS Care. 2015;17:146-51 6p. 
[44] Moon Y, Wajda DA, Motl RW, Sosnoff JJ. Stride-Time Variability and Fall Risk in Persons with 
Multiple Sclerosis. Multiple Sclerosis International. 2015:1-7. 
[45] Negahban H, Mofateh R, Arastoo AA, Mazaheri M, Yazdi MJ, Salavati M, et al. The effects of 
cognitive loading on balance control in patients with multiple sclerosis. Gait & Posture. 2011;34:479-
84. 
[46] Negahban H, Sanjari MA, Mofateh R, Parnianpour M. Nonlinear dynamical structure of sway 
path during standing in patients with multiple sclerosis and in healthy controls is affected by changes 
in sensory input and cognitive load. Neuroscience Letters. 2013;553:126-31. 
[47] Peterson DS, Huisinga JM, Spain RI, Horak FB. Characterization of Compensatory Stepping in 
People With Multiple Sclerosis. Archives of Physical Medicine & Rehabilitation. 2016;97:513-21. 
[48] Prosperini L, Fortuna D, Gianni C, Leonardi L, Pozzilli C. The Diagnostic Accuracy of Static 
Posturography in Predicting Accidental Falls in People With Multiple Sclerosis. Neurorehabilitation 
and Neural Repair. 2013;27:45-52. 
[49] Prosperini L, Castelli L, Sellitto G, De Luca F, De Giglio L, Gurreri F, et al. Investigating the 
phenomenon of “cognitive-motor interference” in multiple sclerosis by means of dual-task 
posturography. Gait & Posture. 2015;41:780-5. 
[50] Rougier P, Faucher M, Cantalloube S, Lamotte D, Vinti M, Thoumie P. How proprioceptive 
impairments affect quiet standing in patients with multiple sclerosis. Somatosensory & Motor 
Research. 2007;24:41-51. 
[51] Shin S, Motl RW, Sosnoff JJ. A test of the rambling and trembling hypothesis: multiple sclerosis 
and postural control. Motor Control. 2011;15:568-79. 
AC
CE
PT
ED
 M
NU
SC
RI
PT
[52] Skurvydas A, Česnaitienė VJ, Pukėnas K, Andrejeva J, Streckis V, Mickevičienė D. ANALYSIS OF 
CHANGES IN BODY BALANCE FOR WOMEN WITH MULTIPLE SCLEROSIS. Education Physical Training 
Sport. 2014;95:44-9. 
[53] Solomon AJ, Jacobs JV, Lomond KV, Henry SM. Detection of postural sway abnormalities by 
wireless inertial sensors in minimally disabled patients with multiple sclerosis: a case-control study. 
Journal Of Neuroengineering And Rehabilitation. 2015;12:74-. 
[54] Sosnoff JJ, Shin S, Motl RW. Multiple sclerosis and postural control: the role of spasticity. 
Archives Of Physical Medicine And Rehabilitation. 2010;91:93-9. 
[55] Soyuer F, Mirza M, Erkorkmaz U. Balance performance in three forms of multiple sclerosis. 
Neurological Research. 2006;28:555-62. 
[56] Spain RI, St George RJ, Salarian A, Mancini M, Wagner JM, Horak FB, et al. Body-worn motion 
sensors detect balance and gait deficits in people with multiple sclerosis who have normal walking 
speed. Gait & Posture. 2012;35:573-8. 
[57] Van Emmerik RE, Remelius JG, Johnson MB, Chung LH, Kent-Braun JA. Postural control in 
women with multiple sclerosis: Effects of task, vision and symptomatic fatigue. Gait & Posture. 
2010;32:608-14. 
[58] Wolfsegger T, Pischinger B, Topakian R. Objectification of psychogenic postural instability by 
trunk sway analysis. Journal Of The Neurological Sciences. 2013;334:14-7. 
[59] Yahia A, Ghroubi S, Mhiri C, Elleuch MH. Relationship between muscular strength, gait and 
postural parameters in multiple sclerosis. Annals Of Physical And Rehabilitation Medicine. 
2011;54:144-55. 
[60] Mehravar M, Yadollah-Pour N, Tajali S, Shaterzadeh-Yazdi MJ, Majdinasab N. THE ROLE of 
ANTICIPATORY POSTURAL ADJUSTMENTS and COMPENSATORY CONTROL of POSTURE in BALANCE 
CONTROL of PATIENTS with MULTIPLE SCLEROSIS. Journal of Mechanics in Medicine and Biology. 
2015;15. 
[61] van Emmerik REA, Busa MA, Hamill J. Postural control in multiple sclerosis: Stability and 
complexity analyses. Journal of Sport & Exercise Psychology. 2011;33:S23-S. 
[62] Fjeldstad C, Pardo G, Frederiksen C, Bemben D, Bemben M. Assessment of postural balance in 
multiple sclerosis. International Journal of MS Care. 2009;11:1-5. 
[63] Wajda DA, Motl RW, Sosnoff JJ. Three-Month Test-Retest Reliability of Center of Pressure 
Motion During Standing Balance in Individuals with Multiple Sclerosis. International Journal of MS 
Care. 2016;18:59-62. 
[64] Duarte M, Freitas SM. Revision of posturography based on force plate for balance evaluation. 
Brazilian Journal of physical therapy. 2010;14:183-92. 
[65] Haddad JM, Rietdyk S, Claxton LJ, Huber J. Task-dependent postural control throughout the 
lifespan. Exercise and sport sciences reviews. 2013;41:123. 
[66] Quinn G, Comber L, Galvin R, Coote S. The Ability of Balance Measures to Identify Falls Risk in 
Multiple Sclerosis: A Systematic Review and Meta-Analysis. Clinical Rehabilitation. In press. 
[67] Gunn H, Creanor S, Haas B, Marsden J, Freeman J. Risk factors for falls in multiple sclerosis: an 
observational study. Multiple Sclerosis Journal. 2013;19:1913-22. 
[68] Hoang PD, Cameron MH, Gandevia SC, Lord SR. Neuropsychological, balance, and mobility risk 
factors for falls in people with multiple sclerosis: a prospective cohort study. Archives Of Physical 
Medicine And Rehabilitation. 2014;95:480-6. 
[69] Kasser SL, Jacobs JV, Foley JT, Cardinal BJ, Maddalozzo GF. A prospective evaluation of balance, 
gait, and strength to predict falling in women with multiple sclerosis. Archives Of Physical Medicine 
And Rehabilitation. 2011;92:1840-6. 
[70] Gunn H, Markevics S, Haas B, Marsden J, Freeman J. Systematic Review: The Effectiveness of 
Interventions to Reduce Falls and Improve Balance in Adults With Multiple Sclerosis. Archives of 
Physical Medicine & Rehabilitation. 2015;96:1898-912. 
AC
EP
TE
D M
AN
US
CR
IPT
[71] Coote S, Sosnoff JJ, Gunn H. Fall incidence as the primary outcome in multiple sclerosis falls-
prevention trials: recommendation from the International MS Falls Prevention Research Network. 
International journal of MS care. 2014;16:178-84. 
 
  
AC
CE
PT
ED
 M
AN
US
CR
IPT
 Figure 1. Flow diagram of search results and identification of relevant studies  
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Figure 2. Flow diagram of number of studies and measurement variables per task condition assessed  
 
Figure 3. Standardised mean difference in COP path length  
 
Figure 4. Standardised mean difference in COP velocity in the mediolateral plane  
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Figure 5. Standardised mean difference in 95% confidence ellipse   
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Table 1 
 Selection Comparability Exposure   
  Total Criteria 
 1 
Criteria 
2 
Criteria 
 3 
Criteria 
4 
Criteria 
 1 
Criteria 
 2 
Criteria  
1 
Criteria  
 2 
Criteria  
3 
Anbarian 2015 *  * *   * *  5 
Aruin 2015 *   * *  * *  5 
Busa 2016 *    * * * *  5 
Cameron 2008 *   * *  * *  5 
Castelli 2015 * *  * * * * *  7 
Cattaneo 2011 *   *   * *  4 
Cattaneo 2014 *   *   * *  4 
Chua 2014    *   * *  3 
Chung 2008 *  * * * * * *  7 
Denommé 2014 *   *   * *  4 
Fjeldstad 2009 *  * *  * * *  6 
Fjeldstad 2011 *  * *   * *  5 
Fling 2015 *  * *   * *  5 
Frzovic 2000 *    *  * *  4 
Ganesan 2015  *   * * * * *  6 
Huisinga 2012 *  * *  * * *  6 
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Jacobs 2012  *   * * * * *  6 
Kanekar 2013 *   * * * * *  6 
Kanekar 2014 *   * *  * *  5 
Karst 2005 *  * * *  *   5 
Kersten 2013 *  * *   * *  5 
Krishnan 2012   *   * *  * *  5 
Krishnan 2012 (b) *   * *  * *  5 
Martin 2006  *  * * *  * *  6 
Mehravar 2013 *   * * * * *  6 
McLoughlin 2015 * * *  * * * *  7 
Moon 2015 *  * * *  * *  6 
Negahban 2011 *   * * * * *  6 
Negahban 2013 *   * * * * *  6 
Peterson 2016 *  * *  * * *  6 
Prosperini 2013  * * * * *  * *  7 
Prosperini 2015 * * * * * * * *  8 
Rougier 2007    *   * *  3 
Sandroff 2012  * * * * * * * * * 9 
Shin 2011  *   * *  * *  5 
Skurvydas 2014 *  * *   * *  5 
Soloman 2015 *   * *  * *  5 
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Sosnoff 2010  *   * *  * *  5 
Soyeur 2006   *   * * * * *  6 
Spain 2012 *  * * *  * *  6 
Van Emmerik 2010 *   * * * * *  6 
Wolfsegger 2013  *   *   * *  4 
Yahia 2011  *  * * *  * *  6 
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